Abstract
a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Introduction
Despite many advances in the care of critically ill patients and improvement in mortality rates during the past 20 years [1] , the incidence of acute kidney injury (AKI) in patients in the intensive care unit (ICU) remains high (20%-57%) [2] [3] [4] . ICU patients with AKI have increased short-and long-term mortality rates (20%-27%) [3, 5] , with the highest rates observed among patients with severe AKI who require acute initiation of renal replacement therapy. Of particular concern are patients whose hemodynamic instability necessitates initiation of continuous renal replacement therapy (CRRT). A 2015 meta-analysis reported an overall mortality rate of 46% for patients with AKI requiring CRRT [6] , and individual studies have reported rates as high as 60% to 80% [7, 8] .
CRRT was initially developed to treat patients who could not tolerate intermittent hemodialysis (IHD), either because of hemodynamic instability or because IHD could not efficiently correct acid-base and electrolyte disorders [9] . CRRT is also a practical tool in managing oligoanuric critically patients with fluid overload or at risk of volume overload while requiring ongoing administration of parenteral drugs (e.g. vasopressors), blood products or parenteral nutrition [10, 11] . However, CRRT has not been proven superior to IHD in randomized control trials assessing mortality risk [12, 13] . Nevertheless, CRRT is often used in the ICU setting as a modality for renal replacement therapy, especially in clinical situations involving hemodynamic instability or intracranial hypertension, when IHD cannot be safely performed [13, 14] .
Cardiac dysfunction, due to "cross-talk" between the heart and kidneys, is an important factor that often may contribute to development or worsening of AKI and progression to dialysis [15] . Echocardiography is the standard noninvasive method used to assess cardiac function in the ICU, and use of limited echocardiography to diagnose and guide therapy for patients with shock is associated with improved outcomes [16] . Further, the clinical relevance of various echocardiographic parameters has been described for patients in the ICU; these parameters include left ventricular ejection fraction (LVEF), diastolic function, right ventricle (RV) size, and tricuspid regurgitant jet velocity [17] [18] [19] . According to available evidence, RV size and tricuspid regurgitant jet velocity may be predictive of mortality risk [17, 18] . For patients receiving long-term hemodialysis, RV dysfunction is independently associated with increased mortality risk [20] [21] [22] . Pulmonary hypertension (assessed with echocardiography) also can indicate increased risk of death for patients with end-stage renal disease (ESRD) [21] .
To our knowledge, the echocardiographic abnormalities in ICU patients receiving CRRT have not been characterized. We aimed to define the prevalence and patterns of echocardiographic abnormalities in ICU patients undergoing CRRT and to determine how these parameters differed among patients with AKI vs ESRD.
Materials and methods

Patient selection
The Mayo Clinic Institutional Review Board reviewed and approved this minimal-risk study with a waiver of informed consent (IRB # 15-008953). We retrospectively identified a historical cohort of all consecutive adults admitted to the ICUs at Mayo Clinic Hospital (Rochester, Minnesota), at the St. Marys and Methodist campuses, from December 9, 2006, through November 13, 2015. Patients were included in the study if they received CRRT during their ICU stay and had an echocardiogram within seven days (before or after) CRRT initiation. For individuals who had more than one echocardiogram performed within seven days of CRRT initiation, our analysis considered only the echocardiogram that was performed chronologically closest to the first CRRT session.
ESRD was defined per KDOQI[23] criteria as dialysis-dependent chronic kidney disease (CKD) stage 5 (Peritoneal or hemodialysis).
AKI was defined per KDIGO criteria based on both creatinine and urine output [14] .
Data collection
We reviewed electronic medical records and abstracted baseline patient characteristics. 
Results
During the study period, 1,758 unique patients received CRRT (Fig 1) . We excluded 482 patients (27%); 480 did not have an echocardiogram within seven days of CRRT initiation, and 2 declined research authorization. The final analysis included 1,276 patients (Baseline characteristics, comorbid conditions, and outcomes are shown in Table 1 . Among all enrolled patients, CRRT 82% of cases (n = 1,040) were due to AKI, and 18% of cases (n = 236) were provided to the ESRD patients. Regarding the CRRT modality, continuous venovenous hemofiltration was used in most cases (n = 1,268 [99%]), and slow continuous ultrafiltration was used for the other 8 patients (1%).
Echocardiographic parameters
The median time between echocardiography and CRRT initiation was 8 hours (IQR, −10 to 31 hours). Echocardiographic findings of this cohort are summarized in Table 2 . Identified abnormalities included IVC dilation, diastolic dysfunction, RV systolic dysfunction, and increased LV mass. The most common valvular abnormalities were tricuspid regurgitation and mitral regurgitation. Echocardiographic parameters, stratified by type of ICU admission (ie, medical, surgical, cardiothoracic, cardiac) are summarized in Table 3 . The echocardiographic parameters that were statistically different between the different ICU types included median LVEF, diastolic dysfunction, IVC dilation, median RVSP, RV systolic dysfunction, moderate or greater aortic, mitral, and tricuspid regurgitation and left atrial volume index (Table 3) . Lowest median LVEF, highest median RVSP and median left atrial volume index were noted in the cardiac ICU patients. IVC dilation, moderate or greater aortic, mitral, and tricuspid valves regurgitation were also more prevalent in cardiac ICU while RV systolic dysfunction was more prevalent in cardiothoracic surgery ICU.
We next compared echocardiographic parameters between patients with AKI vs. ESRD (Table 4) 
Discussion
In this study, we present a large cohort of ICU patients from a 9-year period who had an echocardiogram performed within 7 days of CRRT initiation. Our group has previously described the incidence of certain echocardiographic abnormalities and their associated outcomes in ICU patients with septic shock [33, 34] . To our knowledge, the current study is the first to parameters were also different between patients when assessed regarding the indication for CRRT (AKI vs. ESRD). We identified a high prevalence of LV diastolic dysfunction and a substantial prevalence of RV and LV systolic dysfunction. Markers of volume overload, including IVC dilation and pulmonary hypertension, were also common. Diastolic dysfunction was common in our cohort (62%). According to a meta-analysis published in 2015, the prevalence of diastolic dysfunction in ICU patients with sepsis and septic shock is 48%, and it is associated with increased mortality risk [35] . However, individual studies have reported a prevalence of diastolic dysfunction that ranges from 20% to 57% [36, 37] , and although its association with mortality has been previously reported, outcomes have not been consistent across the studies [36] [37] [38] . LV systolic dysfunction (defined as LVEF �45%) was noted in 32% of our patients; this rate is higher than that previously reported in a study that used even higher threshold values to define LV systolic dysfunction [38] .
Prevalence of pulmonary hypertension (defined as RVSP �40 mm Hg) was also higher in our patient population (66%) compared with rates reported previously. In a study that used Doppler echocardiography to evaluate pulmonary hypertension (tricuspid regurgitant jet velocity �3 m/sec, which typically corresponds to RVSP �40 mm Hg), the prevalence of pulmonary hypertension in patients in a medical ICU was 42% [18] . Several possible mechanisms could account for the increased RVSP in ICU patients undergoing CRRT [39] . The most common cause of pulmonary hypertension in ICU patients is volume overload causing interstitial pulmonary edema and hypoxia-induced pulmonary artery vasoconstriction; left-sided heart failure is also common [39] . Invasive mechanical ventilation, which was used in 73% of our cohort, also may have contributed to increased RVSP. Parenchymal lung disease, another cause of pulmonary hypertension, was present in 16% of patients. RV systolic dysfunction (moderate or greater decrease in RV systolic function) was noted in 39%; this rate is slightly higher than the prevalence previously observed in ICU patients (28%-31%) [17, 38] .
Tricuspid regurgitation (moderate or greater) was noted in 19% of patients; this rate is considerably higher than that previously reported (~3%) [40] . This association probably is attributable to the higher prevalence of pulmonary hypertension and RV systolic dysfunction in our cohort [41, 42] .
The most common echocardiographic abnormality was IVC dilation (71%), consistent with volume overload in most patients who received CRRT. However, the majority of patients (73%) also were receiving mechanical ventilation, which can increase the diameter of the IVC [43] . Similarly, the substantial rates of RV systolic dysfunction, pulmonary hypertension, and tricuspid regurgitation may have contributed to IVC dilation. Notably, elevated central venous pressure, which may be reflected by a dilated IVC, is a known contributor to AKI because it is a component of the cardiorenal syndrome [44, 45] .
Compared with patients in the noncardiac ICUs, patients admitted to the cardiac ICU more commonly had echocardiographic abnormalities, including diastolic dysfunction, IVC dilation, and valvular disease (aortic regurgitation and stenosis, tricuspid valve regurgitation). They also had a higher prevalence of LV systolic dysfunction and pulmonary hypertension. These findings are probably intrinsic to the cardiac causes that led to their admission to a cardiac ICU and possibly also to CRRT initiation (eg, cardiorenal syndrome).
Comparison of echocardiographic parameters between patients with AKI vs. ESRD showed a higher prevalence of LV systolic dysfunction (defined as LVEF �45%) in patients with ESRD, which likely reflects the high prevalence of cardiovascular disease and congestive heart failure in this patient population [46, 47] . In contrast, the prevalence of pulmonary hypertension (defined as RVSP �40 mm Hg) was higher in patients with AKI; high RVSP is a known causative factor of AKI because it indicates venous congestion and RV dysfunction (cardiorenal syndrome) [48, 49] .
Our investigation has a number of important limitations inherent to its design as a retrospective, single-center, cross-sectional study; as a result, these findings may have limited generalizability. This study can only provide information regarding the association (not causation) between the prevalence of echocardiographic parameters and the different ICU patient populations (AKI vs. ESRD; type of ICU). Additionally, some of the echocardiographic parameters were assessed only in a small fraction of the patients including diastolic dysfunction (22% of patients) and left atrial volume index (19% of patients) which limits the internal validity of these parameters in our cohort. Furthermore, the indication for which each echocardiogram was performed was not available, and as a result, we could not assess the correlation of clinical indication with the prevalence of specific echocardiographic parameters.
Nevertheless, we report new information about a unique patient population that can be used to further investigate the association of echocardiographic parameters with adverse outcomes or modifiable risk factors in ICU patients receiving CRRT.
Conclusions
We assessed a large cohort of ICU patients who received CRRT and noted an increased prevalence of pulmonary hypertension, diastolic dysfunction, and RV dysfunction. Patients in the cardiac ICU had higher prevalence rates for most echocardiographic abnormalities compared with patients admitted to noncardiac ICUs. Patients with AKI had a higher prevalence of pulmonary hypertension compared with patients with ESRD. Future studies that aim to predict adverse outcomes with echocardiographic parameters in this patient population can lead to the identification of modifiable risk factors and eventually improve patient care. These relationships must then be validated in prospective studies. 
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